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Abstract Porous alumina films had been fabricated by
anodizing from aluminum films after an electropolishing
procedure. Alumina stripes without pores can be distin-
guished on the surface of the porous alumina films. The
width of the alumina stripes increases proportionally with
the anodizing voltage. And the pores tend to be initiated
close to the alumina stripes. These phenomena can be
ascribed to the electric field distribution in the alumina
barrier layer caused by the geometric structure of the alu-
minum surface.

Keywords Porous alumina films - Patterned aluminum
surface - Electric field distribution - Alumina stripes

Introduction

Nanostructured materials exhibit interesting properties in a
wide range of spectra including catalytic activity [1],
optical properties [2] and magnetic properties [3]. Nano-
porous materials with ordered structures have attracted
increasing attention in recent years due to their possible
utilization as templates for the organization of nanosize
structures [4, 5]. One approach to the fabrication of such
templates is using anodic porous alumina, which is pre-
pared by the anodic oxidation of aluminum in various
acidic electrolytes [6-9]. The degree of the ordering of the
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pores configuration at the surface of the porous alumina
films is low because the pores develop randomly at the
initial stage of the anodization. With the growth of self-
organized pores, a densely packed hexagonal pore structure
is established gradually. An explosion of porous alumina
research was ignited once the capability of producing a
nanohole array with excellent regularity was established by
Masuda et al. [6]. Highly ordered anodic alumina films
have been mostly achieved by the two-step anodizing the
aluminum after electropolishing in perchloric acid—alcohol
solution. The highly ordered anodic alumina films play
important roles in many fields such as photonic crystals and
magnetic interaction [10-14]. Recently, another anodic
porous photoelectric material, the porous TiO,, acquired
highly ordered structure through the two-step anodizing
procedure after electropolishing [15].

In order to improve the degree of order, shorten the
fabrication time and fabricate non-hexagonal structure
porous alumina films, surface prepatterning by different
physical techniques has been found by Masuda et al.
[16-18]. This plays its role at the nucleation stage of pore
formation as the pores are initiated directly at the troughs
of prepatterned surface. It suggests that the nanoscale
surface morphology or nanotexture of the aluminum sur-
face before anodizing is important for further pore forma-
tion stage. In most works, pores are initiated directly at the
troughs of the pretextured surface. But in some cases, the
pores are also initiated at unexpected sites between prep-
atterned troughs [19, 20].

Here, we investigate the surface morphology of porous
alumina films after the aluminum anodizing procedure on
the electrochemically polished aluminum surface. The
morphology of a cellular aluminum surface fabricated by
the electropolishing process can be transferred to the ano-
dic alumina surface. There exist alumina stripes without
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pores on the surface of porous alumina films. And the
stripes comprise cells [21]. The width of stripes increases
proportionally with the anodizing voltage. The pores
present on the remaining part of surface tend to initiate
close to the stripes rather than the middle of the center of
the cell. These can be ascribed to the electric field distri-
bution in the alumina barrier layer caused by the geometric
structure of the aluminum surface.

Experimental Section

Porous alumina films were made by anodizing aluminum
foils (99.999%, 0.5-mm thick). After annealing under N,
ambient at 450°C for 4 h, aluminum foil was ultrasonically
degreased in acetone for 5 min and then it was electro-
chemically polished in a mixture solution of HCIO, and
C,H5OH with a volume ratio of 20:80 at a current density
of 100mAcm-2 for several times (first time 2 min, second
time 5 min and third time 15 min). The polished aluminum
foil was placed on the anode (Cu plate) and anodized in
certain electrolyte at 5°C for 10 min. A Pt wire served as
the cathode. The anodizing voltages are 30, 40, 50 and
60 V in 0.3 M oxalic acid (sample A, B, C and D,

Fig. 1 The surface morphology
of the porous alumina films
under different anodizing
voltages a 30 V, b 40 V,

¢ 50V, d 60V in oxalic acid,
respectively
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respectively) and 5, 15 V in 15wt% sulfuric acid. The
morphology of the polished aluminum surface was mea-
sured using AFM (NanoScope IIla). The sample mor-
phology was observed using a SEM (LEO 1530VP).

Results and Discussion

Figure la—d shows the typical surface SEM image of the
top surface of the sample A-D, respectively. In Fig. 1b, a
mass of pores of 30-40 nm are observed at the top surface,
which is in agreement with other authors who have used
the same fabrication condition [22]. However, disparate
with prevalent reports, there are many cells that consist of
protuberant stripes observed on the surface. The origin of
the stripes has been discussed in the prior report [21]. The
average width of the stripes is about 56 nm. The average
diameter of the cells is about 200 nm. While observing the
exact location of the pores, we can find that the pores are
initiated non-uniform. Pores tend to be initiated at the
region close to the protuberant stripes. Most pores mainly
distribute in the region with the distance about 30—40 nm
to the midline of stripes (i.e., pore a in the denoted cell) and
there is almost one pore locating at each angle of each cell
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Fig. 2 Linear dependence between the average stripe width and the
anodizing voltage

(i.e., pore b). Only few pores locate at the middle of the
polygons (i.e., pore c). Statistically, there is 0% pore
locating at the stripes region, which holds 30% of the total
area of the surface, about 80% pores locating at the region
close to the stripes, which holds about 45% of the total area

Fig. 3 AFM (top and lower
left) and SEM (lower right)
image of aluminum surface after
being electropolished in
perchloric acid—alcohol solution

of the surface. However, there are only 20% pores locating
at the middle of the cells, which holds about 25% of the
total area of the surface. These data indicate that the pores
initiation shows significant non-uniformity.

The surface morphology of sample ACD seems to be
similar to sample B. The difference of these samples is the
pore density and the stripe width. The average stripe widths
of sample A, B, C and D are 40, 56, 66 and 81 nm,
respectively, and Fig. 2 is the linear dependence between
the average stripe width and the anodizing voltage.

The Fig. 2 indicates that the stripe width increases
proportionally with the anodizing voltage. It can be
assumed that this phenomenon would result from the non-
uniformity of the electric field caused by the non-planar
anodizing procedure of aluminum. Figure 3 shows the
SEM and AFM image of aluminum surface after being
electropolished in perchloric acid—alcohol solution. Cellu-
lar pattern can be observed on the aluminum surface. The
average diameter of the cells is about 200 nm. The
boundary of cells is formed by protuberant aluminum
stripes. And it can be measured from the AFM image that
the height of the stripes is about 20 nm. This cellular
pattern on the aluminum surface is caused by the
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(b) _e Stripe width

Fig. 4 a Schematic diagram of the patterned surface of aluminum
after electropolishing, b schematic diagram of the patterned surface
and the barrier layer structures of the barrier layer formed at the initial
stage of anodizing

electropolishing procedure [23]. It can be seen easily that
these features of the cells on the aluminum surface are
quite similar to the cells on the alumina surface after fur-
ther anodizing procedure. Thus, it can be deduced that the
alumina stripes after anodizing procedure originate from
the former aluminum stripes.

The initial stage of anodizing on patterned aluminum
surface is schematically shown in Fig. 4. Figure 4a shows
the patterned aluminum surface after electropolishing
procedure. This can be approximately regarded as a
structure consisting of a negative curvature region on
which R = R; (denoted as region R;) and a positive
curvature region on which R = R, (denoted as region R»).
It can be deduced from the AFM image that the R; is
much bigger than R,. During the first few seconds of the
constant voltage anodizing, the current decreases rapidly.
A thin barrier layer—type alumina forms at this stage [21].
The thickness of the barrier layer is about 1.4 x V nm,
where V is the applying anodizing voltage. The sketch of
the barrier layer has been shown as Fig. 4b. According to
the Gaussian’s law, the electric field intensity of the point
with a distance r from point A can be approximatively
regarded as E; ~ ¢, where ¢ is the electric charge density
of point A, ¢ is the dielectric constant of alumina and r, is
the curvature radius on point A. The geometry indicates
that on the electrolyte/alumina interface, r, < r, so it can
be deduced that £} < % Therefore, the pores cannot be
initialized on the region R,. And then, region R, forms
the alumina stripes. Where at the tie point of region R,
and region R,, the intensity of the electric field can be
approximatively regarded as E;~?. Under the static
electric field assumption, the electric charge density on
the region R, is much bigger than on the region R;.
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Fig. 5 a The surface morphology of the porous alumina films under
the anodizing voltage of 5 V, b the surface morphology of the porous
alumina films under the anodizing voltage of 15 V, ¢ schematic
diagram of the barrier layer structures formed at the initial stage of
anodizing at a relatively low voltage

Therefore, the electric field intensity is much bigger on
region R, (E, > E3). Thus, we can obtain the reason why
the pore density of the region close to the stripes is much
higher than the region in the middle of the cells. There-
fore, pores tend to be initialized at the tie point of the
region R, and region R,, i.e., the brink of the stripes. It
can also explain the pore-in-pore structures referred by
Zhu et al. [24]. We can see from the geometric structure
that the width of the alumina stripes is proportional to the
thickness of the barrier layers or the anodizing voltage as
shown in Fig. 1.

While the applying anodizing voltage is rather low, the
surface morphology of the porous alumina films become
totally different. Figure 5a shows the surface SEM image
of the porous alumina under a very low anodizing voltage
of 5 V. It can be distinguished that there are protuberant
stripes showed in the surface (i.e., quadrilateral marked in
Fig. 5a). But pores do not avoid the stripe region as
discussed above. By contraries, there are a lot of pores
located at the midline of the stripes (i.e., pore indicated in
Fig. 5a). Figure 5b shows the differentiation of the
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surface morphology of the porous alumina under the
anodizing voltage of 15 V. Some pores form at the border of
the stripes (pore A) and there are still some pores locating at
the middle of the stripes (pore B). When the anodizing
voltage is relatively low (lower than R»/1.1 nm/V), it can be
deduced that the barrier layer forms the structure as Fig. Sc.
Under the static electric field assumption, the electric
charge density on the region R, is much bigger than on the
region R;. Therefore, the electric field intensity is bigger on
region R,. The thickness of the barrier can be estimated by
the equation j"E~dl = V. Thus, we can draw the conclusion
that the barrier layer on region R, is much thinner than
that on region R;. Along with the anodizing proceeding,
microcracks caused by the stress and the heat on region R,
can be much easier to impenetrate the hole barrier layer and
then form the pores. That is, in the case of a rather small
anodizing voltage, the pores tend to initiate on the positive
curvature region i.e., on the stripes.

Conclusions

In conclusion, porous alumina films were fabricated by
anodizing from films of aluminum after an electropolishing
procedure. Alumina stripes can be distinguished on the
surface of the porous alumina. The width of the alumina
stripes increases proportionally to the anodizing voltage.
And the pores tend to be initiated close to the alumina
stripes. These phenomena were ascribed to the non-uni-
formity of the electric field caused by the non-planar
anodizing procedure of aluminum. We believe that this
mechanism is not a special case but just surface geometric
structure related. And further, it can result in a new method
for prognosticating the surface structure of the porous
alumina films.

Acknowledgments The authors are grateful to the Natural Science
Foundation of Fujian Province of no. 2008J0029.

Open Access This article is distributed under the terms of the
Creative Commons Attribution Noncommercial License which per-
mits any noncommercial use, distribution, and reproduction in any
medium, provided the original author(s) and source are credited.

References

1. H. Habazaki, M. Yamasaki, A. Kawashima, K. Hashinoto, Appl.
Organomet. Chem. 14, 803 (2000)
2. A.G. Cullis, L.T. Canham, P.D.J. Calcott, J. Appl. Phys. 82, 909
(1997)
3. G. Herzer, IEEE Trans. Magn. 25, 3327 (1989)
4. RJ. Tonucci, B.L. Justus, A.J. Campillo, C.E. Ford, Science 258,
783 (1992)
5. T.M. Whitney, J.S. Jiang, P.C. Searson, C.L. Chien, Science 261,
1316 (1993)
6. H. Masuda, K. Fukuda, Science 268, 1466 (1995)
7. H. Masuda, F. Hasegwa, S. Ono, J. Electrochem. Soc. 144, L.127
(1997)
8. H. Masuda, K. Yada, A. Osaka, Jpn. J. Appl. Phys. 37, L1340
(1998)
9. AP. Li, F. Muller, A. Birner, K. Nielsch, U. Gosele, J. Appl.
Phys. 84, 6023 (1998)
10. V. Kuzmiak, A.A. Maradudin, F. Pincemin, Phys. Rev. B 50,
16835 (1994)
11. H. Masuda, M. Ohya, K. Nishio, H. Asoh, M. Nakao, M. Noh-
tomi, T. Tamamura, Jpn. J. Appl. Phys. 39, L1039 (2000)
12. J. Choi, Y. Luo, R.B. Wehrspohn, R. Hillebrand, J. Schilling,
U. GoéSele, J. Appl. Phys. 94, 4757 (2003)
13. V. Raposo, J.M. Garcia, J.M. Gonzalez, M. Vazquez, J. Magn.
Magn. Mater. 222, 227 (2000)
14. H.R. Khan, K. Petrikowski, J. Magn. Magn. Mater. 215-216, 526
(2000)
15. Y. Shin, S. Lee, Nano Lett. 8, 3171 (2008)
16. H. Masuda, H. Yamada, M. Satoh, H. Asoh, M. Nakao,
T. Tamamura, Appl. Phys. Lett. 71, 2770 (1997)
17. H. Masuda, H. Asoh, M. Watanabe, K. Nishio, M. Nakao,
T. Tamamura, Adv. Mater. 13, 189 (2001)
18. Z.J. Sun, H.K. Kim, Appl. Phys. Lett. 81, 3458 (2002)
19. H. Masuda, M. Yotsuya, M. Asano, K. Nishio, M. Nakao,
A. Yohoo, T. Tamamura, Appl. Phys. Lett. 78, 827 (2001)
20. J. Choi, K. Nielsch, M. Reiche, R.B. Wehrspohn, U. Gosele,
J. Vac. Sci. Technol. B 21(2), 763 (2003)
21. G.E. Thompson, Thin Solid Films 297, 192 (1997)
22. K. Nielsch, J. Choi, K. Schwin, R.B. Wehrspohn, U. Gosele,
Nano Lett. 2, 677 (2002)
23. R.E. Ricker, A.E. Miller, D.F. Yue, G. Banerjee, S. Bandyo-
padhyay, J. Electron. Mater. 25, 1585 (1996)
24. Y.Y. Zhu, G.Q. Ding, J.N. Ding, N.Y. Yuan, Nanoscale Res. Lett.
5, 725 (2010)

@ Springer



	Porous Alumina Films with Width-Controllable Alumina Stripes
	Abstract
	Introduction
	Experimental Section
	Results and Discussion
	Conclusions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


